Background: A-kinase anchor protein 4 (AKAP4) and its precursor pro-AKAP4 are two major proteins in spermatozoa of rodents and mammals. Although researchers have characterized the AKAP4 expression in various species, the protein's expression in humans has not been described in detail. Objectives: The objective of this study was to characterize human pro-AKAP4 more precisely (notably the definition of its localization and expression levels in human spermatozoa and testes). Materials and Methods: pro-AKAP4 protein expression levels were assessed by Western blotting. The pro-AKAP4's localization in spermatozoa and testes was determined using immunofluorescence staining and immunogold electron microscopy. Furthermore, pro-AKAP4 protein expression levels were assessed in a series of 77 human semen samples, and associations with semen parameters were evaluated. Results: Western blotting revealed a 100-kDa band in human sperm protein extracts. The pro-AKAP4 was immunolocalized in the fibrous sheath of the flagellum of ejaculated spermatozoa and in elongated spermatids in human testes. A Western blot analysis of 77 normozoospermic semen samples evidenced striking differences in pro-AKAP4 levels from one to another sample (median [interquartile range] integrated optical density = 305 [49-1038]). No correlations were found for pro-AKAP4 levels on one hand and semen volume, sperm concentration, sperm count, sperm motility, or sperm morphology on the other (p > 0.05 for all). However, pro-AKAP4 levels were positively correlated with motility after density gradient centrifugation of the semen (r = 0.224, p = 0.049). Discussion: AKAP4 protein might be activated as an alternative pathway to rescue sperm motility. In human spermatozoa, pro-AKAP4 might therefore be a 'reservoir' of mature AKAP4. Conclusion: This study generated new knowledge about pro-AKAP4 in human semen, which may be of interest in the management of male infertility.
INTRODUCTION
A-kinase anchor proteins (AKAPs) constitute a conserved family of signal-organizing scaffolding proteins involved in a variety of cellular processes (for a review, see Carnegie et al., 2009) . The AKAPs are present in both female and male reproductive tissues and appear to have a particular role in the regulation of gametogenesis Luconi et al., 2011) . Furthermore, AKAPs have been identified in the sperm flagellum of various species and have been studied with respect to a putative role in motility (Carrera et al., 1996; Johnson et al., 1997; Vijayaraghavan et al., 1997; Moss et al., 1999) .
A-kinase anchor protein 4 (AKAP4) is a member of the AKAP family (Luconi et al., 2011) . The initially translated, full-length protein is referred to as pro-AKAP4; this precursor is subsequently processed to AKAP4 via the release of the 188-amino acid prodomain during sperm differentiation in the testes (Carrera et al., 1994; Turner et al., 1998 Turner et al., , 2001 Brown et al., 2003) . Carrera and collaborators (Carrera et al., 1996) were the first to clone and characterize human AKAP4 (previously named hAKAP82) and its precursor pro-AKAP4 (pro-hAKAP82) as two major proteins of the human sperm fibrous sheath. Pro-AKAP4 and AKAP4 from various animal species (rodent, bovine, equine, marsupial, and boar) and human spermatozoa have been studied. In human, the proteins were only found in condensing spermatids and the sperm's fibrous sheath (Johnson et al., 1997) .
However, it appears that the AKAP4 from rodent spermatozoa differed from that in human spermatozoa-especially with respect to the phosphorylation site (Carrera et al., 1996; Johnson et al., 1997) . Furthermore, interspecies differences in the distribution of pro-AKAP4 in the sperm flagellum have been described: pro-AKAP4 is present along the fibrous sheath in ejaculated human spermatozoa, whereas the protein is only found in the proximal part of the principal piece in mouse spermatozoa (Turner et al., 1998) . In the mouse, the prodomain prevents the precursor from being assembled and addresses it to the sperm tail prior to assembly into the insoluble, cytoskeletal structure of the fibrous sheath (Nipper et al., 2006) .
As most studies of pro-AKAP4 have been performed in the mouse, our understanding of the protein's role in human spermatogenesis is still quite limited. The objectives of this study were to characterize human pro-AKAP4 more precisely and notably to define its localization and expression levels in human semen and testes using Western blotting, immunofluorescence staining, and immunogold electron microscopy. Furthermore, we assessed the pro-AKAP4 expression level in a series of 77 human semen samples and evaluated its associations with semen parameters.
MATERIAL AND METHODS

Patient's samples and ethics statement
Fresh semen samples were provided by healthy men by masturbation after 2-7 days of sexual abstinence. After a 30 min liquefaction, the semen volume, sperm count, sperm concentration, and percentage of motile spermatozoa were evaluated and interpreted according to the World Health Organization guidelines (WHO, 2010) . Normal forms were analyzed using David's modified classification (Auger et al., 2001) . In this study, all semen samples were above the lower reference limits given in the WHO manual. Human testicular tissues were obtained from two adult men suffering from obstructive azoospermia (in whom spermatogenesis was conserved) and undergoing a testicular biopsy to recover male germ cells for in vitro fertilization procedures. All patients gave written consent for the use of their samples, and the approval for conducting the research was obtained from the CPP Nord Ouest IV Ethical Committee (number HP 1653).
Sperm preparation and protein extraction
Spermatozoa were separated from seminal plasma, round cells, and non-sperm cells by density gradient centrifugation (DGC). The semen samples were processed according to the protein extraction method used in our laboratory (Jumeau et al., 2017) . Briefly, an aliquot of each semen sample was centrifuged (350 g, 20 min at room temperature) through a 50% PureSperm (Nidacon, M€ olndal, Sweden) gradient in Ferticult (Fertipro, Beernem, Belgium). The sperm pellet was washed in Tris-buffered saline (TBS: 10 mM Tris-HCl pH 7.6, 100 mM NaCl) and resuspended in 500 lL of lysis buffer [20 mM Tris, 2% SDS, 1% Nuclease Mix (GE Healthcare Life Sciences, Piscataway, NJ, USA)]. Following sonication (20 Hz, 60 pulses), the protein concentration was assayed on the supernatants according to Bradford's method (BioRad, Hercules, CA, USA). Protein lysates were stored at À80°C until use.
SDS-PAGE and Western blotting of spermatozoa
Lysates corresponding to 30 lg of sperm proteins per semen sample were separated using SDS-PAGE on a 10% (w/v) polyacrylamide gel, and then transferred onto 0.45 lm nitrocellulose membranes (Amersham, GE Healthcare Life Science, Piscataway, NJ, USA) using the NuPage Liquid Transfer System (Life Technologies), according to the manufacturer's instructions. Membranes were immersed in 5% milk in 15 mM Tris-HCl pH 8.0, 140 mM NaCl, and 0.05% (w/v) Tween-20 (TNT buffer). Antibodies used were mouse monoclonal anti-AKAP4 antibody (diluted 1:10,000 in 1% bovine serum albumin (BSA)/TNT) raised against human amino acid sequence 1-101 comprising the prodomain (Ab 56551; Abcam, Cambridge, UK) and mouse monoclonal anti-a-tubulin (diluted 1 : 10,000 in 1% bovine serum albumin (BSA)/TNT; T9026; Sigma-Aldrich, St Louis, MO). Membranes were incubated overnight at 4°C with gentle shaking. The immune complexes were revealed using a horse anti-mouse antibody coupled to horseradish peroxidase (Vector Laboratories, Burlingame, CA, USA) diluted 1 : 50,000 in TNT buffer. The luminescence was measured with a LAS-3000 system (Fujifilm, Stamford, CT, USA). Western blot density was quantified using ImageJ software (NIH). The Western blot results were expressed as the integrated optical density of positive immunostaining.
Immunofluorescence assessment of spermatozoa
Human spermatozoa were fixed (2% paraformaldehyde in TBS) for 20 min and then centrifuged (10 min, 350 g). The sperm pellet was resuspended in TBS and deposited on Superfrost slides. Smears were postfixed in a bath of acetone for 5 min, washed twice in TBS (5 min), and incubated with blocking solution (2% BSA in TBS) for 1 h. Slides were incubated with monoclonal anti-AKAP4 antibody diluted 1 : 500 in TBS (Ab 56551) overnight at 4°C in a humid chamber. After two washes in TBS, slides were incubated with a donkey anti-mouse IgG (H+L) Alexa Fluor 568 antibody (Invitrogen, Carlsbad, CA, USA) diluted 1 : 500 in TBS for 90 min. Slides were mounted with Vectashield Mounting Medium with 4 0 ,6 0 -diamidino-2-phenylindole (H-1200, Vector Laboratories, Burlingame, CA, USA). The slides were imaged with an LSM 710 confocal microscope (Zeiss, Jena, Germany). To test for non-specific binding, the primary antibody was omitted in a control incubation.
Electron microscopy immunocytochemistry Spermatozoa was fixed in 0.1 M phosphate buffer (pH 7.4) containing 2% (w/v) paraformaldehyde and 0.05% glutaraldehyde for 1 h at 4°C, dehydrated in an series of increasingly concentrated ethanol solutions, and embedded in LR White Resin (EMS, Hatfield, PA, USA). The grids were incubated in blocking buffer (TBS containing 1% normal goat serum and 1% bovine serum albumin) for 30 min at room temperature and then incubated in blocking buffer containing a 1:50 dilution of mouse monoclonal anti-AKAP4 antibody. Following three washes in TBS, the grids were incubated in blocking buffer containing 12-nm colloidal gold conjugated to a goat anti-mouse IgG (H+L) antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) diluted 1:50. Control grids were incubated in the secondary antibody only. Following three washes in TBS, all grids were fixed and counterstained with 2% uranyl acetate. Grids were observed and photographed using a Zeiss 900 transmission electron microscope.
Indirect immunofluorescence assessment of human testis
Testicular biopsies were fixed in Bouin's solution for 48 h and then embedded in paraffin. Testis sections (thickness 5 lm) were deparaffinized, rehydrated in a graded ethanol series, and warmed in 10 mM citrate (pH 6) in a microwave oven for 20 min. Three percent BSA in TBS was used to block non-specific binding at RT for 1 h. Sections were then incubated with mouse monoclonal AKAP4 antibody (diluted 1 : 500 in blocking solution) overnight at 4°C. Sections were washed in TBS buffer and incubated with a goat anti-mouse IgG (H+L) Alexa Fluor secondary antibody 488 (1 : 500) in TBS. Slides were mounted with Vectashield Mounting Medium with 4 0 ,6 0 -diamidino-2-phenylindole. Sections were observed using an LSM 710 confocal microscope (Zeiss, Jena, Germany). Control sections were incubated with the secondary antibody only.
Statistical analysis
Statistical analysis was performed using SAS software (version 9.3, SAS Institute Inc., Cary, NC, USA) and SPSS software (version 19.0, SPSS, Chicago, IL, USA). Quantitative data were presented as the median [interquartile range]. Spearman's coefficient was calculated for correlations between variables. The threshold for statistical significance was set to p < 0.05.
RESULTS
Protein expression and localization of pro-AKAP4 in human semen and testis
Protein expression of pro-AKAP4 in human spermatozoa was analyzed by Western blotting using a specific AKAP4 antibody against the N-terminus part of the molecule (which includes the prodomain). This identified a band at~100-kDa (Fig. 1A) . Given the relative molecular mass and relative abundance, the band most likely represented the full-length protein, that is, pro-AKAP4.
The pro-AKAP4 protein in the human spermatozoa and testis was then localized by immunofluorescence. Our results showed that the pro-AKAP4 was detected along the flagellum in the principal piece of all spermatozoa (Fig. 1B) . In the human testis sections, pro-AKAP4 was detected in elongating/elongated spermatids (Fig. 1C) . In contrast, no immunoreactivity for pro- Immunoelectron microscopy demonstrated that pro-AKAP4 was localized along the fibrous sheath of ejaculated spermatozoa ( Fig. 2A) , throughout the circumferential ribs, and in the longitudinal columns (Fig. 2B) . Pro-AKAP4 was never found in the axonemal or periaxonemal structures (i.e., outer dense fibers and mitochondria).
Analysis of pro-AKAP4 expression by Western blotting
Pro-AKAP4 protein expression was analyzed in a total of 77 normozoospermic semen samples using Western blotting. Equal amounts of sperm protein (30 lg) were loaded. Surprisingly, the expression level of pro-AKAP4 varied markedly from one to another semen sample, as shown for a representative panel of 11 of the 77 men in Figure 3A . In the full cohort, the median [IQR] integrated optical density of 305 (49-1038) highlighted this high variability (range: 1-2169) (Fig. 3B) .
Pro-AKAP4 expression and semen parameter values
To investigate whether pro-AKAP4 protein expression was related to human sperm quality, we measured the correlations between the integrated optical density obtained from Western blotting and the semen parameters (Table 1) in the 77 men (univariate analysis). Pro-AKAP4 protein levels were significantly and positively correlated with DGC motility (r = 0.224, p = 0.049) (Fig. 3C) 
DISCUSSION
The full-length AKAP4 protein (i.e., comprising the prodomain pro-AKAP4, a~100 kDa protein) is synthesized during spermatogenesis and subsequently cleaved to yield AKAP4 (a~85 kDa protein) during fibrous sheath assembly (Turner et al., 1998) . Here, we characterized the expression levels and localization of the prodomain-containing pro-AKAP4 protein in human spermatozoa and testis.
During evolution, the AKAP4 protein has conserved its amino acid sequence (Hu et al., 2009 ). In the mouse testis, pro-AKAP4 is soluble and does not appear to assemble into the fibrous sheath. In contrast, mature AKAP4 is insoluble and binds to the fibrous sheath's columns and ribbons in spermatids (Johnson et al., 1997; Nipper et al., 2006) . In the mouse and the bull, epididymal spermatozoa mostly expressed pro-AKAP4, whereas only AKAP4 was found in spermatozoa . In contrast to the pro-AKAP4's localization in murine spermatozoa (i.e., the proximal part of the principal piece , our observations showed that pro-AKAP4 is found along all the principal piece in human spermatozoa and is anchored to the fibrous sheath in both the longitudinal columns and ribs. Furthermore, Ben-Navi and collaborators have recently shown that AKAP4 is localized (i) in the principal piece under baseline conditions and (ii) in the principal piece, midpiece, and post-acrosomal region after stimulation that mimics capacitation (Ben-Navi et al., 2016) . Using immunofluorescence and subcellular fractionation, porcine pro-AKAP4 was also shown to localize to the periacrosomal membranes (Teijeiro & Marini, 2012) . Murine pro-AKAP4 includes sequences targeting the protein to a precise site in the developing spermatozoon's periaxonema, where mature AKAP4 might interact directly with the outer microtubular doublets of the axoneme (Nipper et al., 2006) .
Furthermore, our present immunohistochemical analysis of human testicular sections revealed the specific expression of pro-AKAP4 in elongating/elongated spermatids. In the mouse testis, processed AKAP4 was detected in the cytoplasm and flagellum of condensing spermatids beyond step 15 (Brown et al., 2003) . To the best of our knowledge, the presence of pro-AKAP4 in the seminiferous epithelium of human testis has not previously been reported.
In the present study, pro-AKAP4 protein levels were further analyzed by Western blotting in human spermatozoa. Carrera et al. (1996) previously localized both the pro-AKAP4 and AKAP4 proteins in human spermatozoa, with a view to investigating the mechanism of tyrosine phosphorylation. Furthermore, the researchers showed that human ejaculated spermatozoa displayed a time-dependent increase in protein tyrosine phosphorylation under conditions conductive to capacitation (Carrera et al., 1996) . Our present analysis of 77 normozoospermic semen samples revealed high interindividual variability in pro-AKAP4 levels. These differences were unexpected. Surprisingly, some spermatozoa above lower reference limits (World of Health Organization, 2010) can have low pro-AKAP4 expression levels. The reason for the differential expression of pro-AKAP4 is not clear. One can hypothesize that spermatozoa transit through the male genital tract may led to partial (nearly complete) processing of the pro-AKAP4 in AKAP4, resulting in low pro-AKAP4 levels in spermatozoa. In a study of mouse spermatozoa, Johnson and collaborators have shown that pro-AKAP4 was extractable and not processed to AKAP4 in the cell body of spermatids before its transport to the developing flagellum (Johnson et al., 1997) . The precursor first moved to the tail and was then processed into the mature (insoluble) AKAP4. According to Nipper and collaborators' study, mouse pro-AKAP4 is soluble and is not assembled to the fibrous sheath. In contrast, the mature mouse AKAP4 is insoluble and interacts with the microtubular cytoskeleton, where it can exert its role of tethering cAMP-dependent A-kinase (Nipper et al., 2006) . In humans, the processing of pro-AKAP4 to AKAP4 is less efficient than that of mouse pro-AKAP4 to AKAP4. We hypothesized that human AKAP4 protein might be activated as an alternative pathway to rescue sperm motility. In human spermatozoa, pro-AKAP4 might therefore be a 'reservoir' of mature AKAP4.
In the mouse, most of the pro-AKAP4 is converted to AKAP4 (Johnson et al., 1997) . The removal of the N-terminal prodomain might promote the assembly of AKAP4 into a stable structure involved in the motility of spermatozoa. The AKAP4 knockout mice exhibited spermatozoa with an abnormal principal piece and an abnormal fibrous sheath and displayed low motility (Miki et al., 2002) . AKAP4 regulates flagellar bending via the cAMP-kinase A phosphorylation of neighboring proteins (Carrera et al., 1996; Brown et al., 2003; Moretti et al., 2007; Ben-Navi et al., 2016) . In humans, a direct relationship between pro-AKAP4 and sperm motility has not previously been reported. Our results indicate the presence of a correlation coefficient (although not strong) between levels of the full-length pro-AKAP4 and sperm motility but only after spermatozoa has been separated from seminal plasma, round cells, and nonsperm cells by density gradient centrifugation. In the future, it will be important to examine pro-AKAP4 levels in semen from infertile men.
In conclusion, this study localized the full-length pro-AKAP4 protein in the fibrous sheath of human ejaculated spermatozoa and in elongating/elongated spermatids in the human testis. In normozoospermia, there were high interindividual variations in pro-AKAP4 levels, and these latter were associated with sperm motility. Taken together, these results provide additional data for the knowledge on pro-AKAP4 in human semen and may be of interest in the workup of male infertility. SN, and MV designed and wrote the manuscript. All authors have approved the manuscript as submitted.
